Abstract In this paper, to simulate the process of PECVD (plasma enhanced chemical vapor deposition) of SiO2, the plasma chemistry and plasma density of SiH4/N2O mixture have been studied with an inductive coupled plasma model, and the level set methodology has been used to obtain the feature scale variation during the process. In this simulation, the goal is to fill a trench. We studied how ion sputtering and chamber pressure affect the feature scale model. After the simulation, we found that the trench will close up at the top after a few steps, and if we add the ion sputtering into the surface reactions, the trench top will close up a little later. When the chamber pressure is improved, the plasma density will increase, so the trench top will close up earlier. In semiconductor device manufacture, people can control the trench's feature scale through adjusting these two parameters.
Introduction
SiO 2 films have been widely used in the production of electronic devices, integrated devices, optical thin film devices and sensors because of their desirable properties, such as good insulation, high light transmittance, strong corrosion resistance, good dielectric properties, etc [1] . To obtain SiO 2 film, PECVD is an advantageous choice. People found that depositing SiO 2 using PECVD technique (at low temperatures) can avoid some thermal sensitive problems. In practical applications, SiH 4 /N 2 O mixture is often used to obtain thin SiO 2 films, because N 2 can be used to obtain stable discharges compared to O 2 and it's less toxic than NO or NO 2 [2] . In spite of the mature process of PECVD SiO 2 , the plasma reactions inside the chamber are still debated. Different profile feature modeling tools have been developed to understand the etching process [3−6] , but there are only a few studies on the PECVD process using modeling tools. Dr. Kushner used an integrated plasma equipment-feature profile model to study the semiconductor process. It consists of three major components: the hybrid plasma equipment model (HPEM), the plasma chemistry Monte Carlo simulation (PCMCS) and the Monte Carlo feature profile model (MC-FPM) [7] . In plasma equipment manufacturing enterprises, people care about the plasma uniformity, the plasma density, the controllability of the process, etc. So it's important and useful to study the whole process. Through simulation, we can easily obtain the plasma uniformity, the plasma density and the controllability of the process without repeated experiments.
ESI-CFD is a commercial software that can be used to study multi-spatial scales and multi-physics problems. Since the chamber scale is about six orders larger than the feature scale, ESI-CFD separates the reactor scale and feature scale modeling. CFD-ACE+ is used to study the plasma chemistry and distribution in the chamber, while CFD-TOPO is used for feature scale modeling. The results obtained in CFD-ACE+ can be coupled to CFD-TOPO to obtain the feature scale variation.
In our work, we used ESI-CFD to study the process of PECVD SiO 2 . A two-dimensional chamber model was used in CFD-ACE+ to study the plasma chemistry, and to further obtain the particles' flux to substrate. Then we imported the plasma data obtained in CFD-ACE+ to CFD-TOPO to study the feature scale variation. The reactor and the feature scale models are described in section 2.
2 Process simulation
Reactor scale model
Plasma process simulation model used in CFD-ACE+ is shown in Fig. 1 [8] . It's an axial symmetric model and the axis of symmetry is the X-axis. In Fig. 1 , half of the model is shown. The ICP source consisted of a three-turn coil around the chamber. Radio frequency (RF) power at 13.56 MHz was applied to the ICP source. The distance between the ICP source and the stage was 0.2 m. Fig.1 The two-dimensional axisymmetric reactor scale model
In the simulation, we assumed that the pressure was 13 Pa, the absorbed power was 20 W, the temperature was 503 K, and the ratio of N 2 O/SiH 4 had a high value of 100 to ensure an excess of oxidizing species. The main parameters we used in the simulation are listed in Table 1 . 
Gas phase reaction
The chemical reaction mechanism is given in terms of rate coefficients K of the form:
T can represent several different temperatures, such as gas, electron, ion, or surface [9] . A pf is the preexponential factor. nf represents the temperature exponent. mf is the pressure exponent, and Ea/R is the activation temperature. In the gas-phase mechanism, the units for A pf depend on the order of the reaction, but are in molecules, cm and s, nf is for temperature in K, and the unit for Ea/R is K. The gas phase volume reactions with the values of the pre-exponential coefficient and the activation temperature are given in Table 2 . Since reactions in chamber are very complicated, it is very hard to clearly describe total reactions in the chamber. The reactions we used in the simulation are simplified, which can be found in other papers [10−13] for detail. The gas phase volume reactions are shown in Table 2 . The gas phase reaction mechanism in Table 1 consists of dissociation of SiH 4 /N 2 O, ionization of SiH 4 /N 2 O by electron-impact reactions, reactions between the dissociation/ionization products, etc. The surface reactions we used were sticking coefficient type, as shown in Table 3 [13] and Table 4 [14] . For the surface reactions, we considered such main reactions as SiH 4 reacting with N 2 O/O 2 . besides these reactions, we also considered the ion assisted deposition and ion sputtering reactions.
Feature scale model
CFD-TOPO uses the level set methodology to define the location of the material interfaces presented in the model and to move these interfaces in time. A scalar level set function is defined for each solid material in the model. The model used in CFD-TOPO is shown in Fig. 2 . There is a trench in the initial feature scale model, the trench size is 0.2 µm (width)×0.4 µm (height). The flux in is on the top of the model, and SiO 2 was deposited during the simulation. The distance between the flux in and the top of the trench is 0.4 µm. We used CFD-TOPO to obtain the feature scale variation during the process. 
Results
In this paper, we studied the ion sputtering's physical effect on feature scale variation and how the chamber pressure affects the SiO 2 deposition.
Ion sputtering effect
In order to study the ion sputtering, we first used only the reactions shown in Table 3 as the surface reactions. Then we added the reactions shown in Table 4 to consider the physical ion sputtering. The simulation results are shown in Fig. 3 and Fig. 4 . In Fig. 3 and Fig. 4 , SiO2 U represents for the deposition rate in the surface. From Fig. 3 and Fig. 4 we can see the feature scale variation and relative deposition rate for different steps. As can be seen in Fig. 3 , the trench will be closed up at the top after 26 steps, and plasmas can't go down any more. There will be a void in the feature scale model as can be seen in Fig. 3(c) . This is a common phenomenon in such deposition process. From Fig. 3 , we can also see that the deposition rate is of the order of nm/s. During the process, the deposition rate is basically the same. From Fig. 4 , we can see that the trench will be closed after 30 steps and the deposition rate is a little lower. This is because the ions will sputter the SiO 2 film already deposited on the surface. In semiconductor device manufacture, people often add inert gases in the PECVD process to either avoid the formation of the void or obtain the void as expected.
The chamber pressure's effects
In order to study how the chamber pressure affects the feature scale model, we changed the chamber pressure: 5 Pa, 13 Pa and 20 Pa. The simulation results are shown in Fig. 5 . In Fig. 5 , we only show the feature scale model when the trench is closed at the top. Fig. 5(a) -(c) are for pressure 20 Pa, 13 Pa, 5 Pa, respectively. From Fig. 5 we can see that when the pressure decreases, it takes a longer time to close the trench top. This is because the chamber pressure affects the plasma density. For p = 5 Pa, the SiH 4 density in the reactor chamber is 7E+17 m ber pressure increases with other conditions kept unchanged, the plasma density will increase. So the deposition rate will increase and the trenched top will be closed earlier. 
Conclusion
In this work, we used a two-dimensional model to study the plasma chemistry and the plasma flux to substrate. Then we imported the flux data to CFD-TOPO to simulate the feature profile evolution in filling a trench using SiH 4 /N 2 O plasma mixture. We found that the trench had been closed up at the top after a few steps, and there will be a void in the trench. The deposition rate is of the order of nm/s. We also studied the ion physical sputtering and chamber pressure's effect on the feature scale variation. After the simulation, we found that the ion sputtering will affect the formation of the void in the trench. The chamber pressure affects the plasma density, and in turn affects the deposition rate.
